Abstract: The simulation of road loads in truck suspensions generally requires leaf-spring models. There are many models in the literature. In this study the three-link leaf-spring model was compared with the test results. An attempt was made to establish the model by predicting accurate results. In order to perform this task, standard tests were performed to obtain the relationship between the torque and angular displacement. After that the corresponding three-link model was generated, and run using the ADAMS solver. After obtaining the desired model the parameters effecting the acceleration for the driver seat were optimised by means of an ANOVA method. The parameters are the length of the leaf spring, the material properties of the leaf spring and the stiffness of the springs connected to the front panel. The reduced acceleration for the driver seat was determined by the response surface regression method.
Introduction
Analytical simulation of road loads is an enabling technology for CAE-based durability analysis. Significant progress has been made in this area over the last few years. A few years ago, all road loads were directly measured. Today, however, semi-analytical loads make up the majority of loads delivered to vehicle programmes (Is°Kk Erzi, 2001 ). Semi-analytical loads are calculated using analytical models, which use measurements on prototypes as inputs. Semi-analytical methods have been used on most suspension configurations except that of Hotchkiss. The reason is the lack of validated leaf-spring models under large deflection dynamic conditions in the chassis suspensions.
Vehicle system models built using ADAMS (2002) software currently represent a leaf spring as a`three-link model', or a`beam model'. The state-of-the-art is the beam model where, each spring leaf is discretised into a series of rigid parts, connected using massless linear beams of uniform cross sections. Adjacent leaves of the spring are kept from penetrating each other using ADAMS`IMPACT' statements. This results in a very large, and extremely non-linear model with several hundred degrees-of-freedom. It was found that it is difficult to perform road-load simulations using this type of leaf spring model (Tagawa et al., 1995) .
The SAE Spring Design Manual (1982) presents a three-link discretisation of a leaf spring for analysing its kinematics. The manual does not specify how to compute the force-deflection behaviour and employs the SAE three-link model with linear torsional springs to model leaf springs for vehicle handling simulations. It is expected that the linear approximation will not hold in the case of multistage springs under large deflections. An extension to the three-link model uses a non-linear vertical spring in parallel with the three-link model to account for the non-linear force-deflection behaviour in the vertical direction. Although this model is useful in certain applications, the spurious load path introduced through the vertical spring and the likely misrepresentation of longitudinal behaviour make this model unsuitable for applications in road load simulation.
There are other relevant studies reported in literature which include the work by Tagawa et al. (1995) . His study presents analytical formulations for leaf spring force-deflection behaviour. The results show good correlation with test data. The formulation does not address multistage springs, where not all the leaves are always in contact. In addition, ADAMS implementation of this and other analytical formulations is not straightforward.
The leaf-spring model presented in this study is a`three link' model. The geometry of this model consists of three rigid links constructed using the SAE guidelines (1982) . The leaf-spring compliance is incorporated in the model through two non-linear torsional springs at the centre-link joints. A systematic approach is presented for computing the parameters of the non-linear springs (Jolly, 1983) .
The automotive industry is working on various types of suspension systems because as time goes by expectations of customers about vehicle comfort increases. For example, very serious works are performed on electro-pneumatic suspensions, intelligent suspensions, active and semi-active suspension control systems (Patent, 2002) . Nowadays some firms in Europe are working with a complicated test. This system helps the engineers obtain a large range of data.
Although passive suspension systems may be replaced with active suspension systems in the future, leaf-spring suspension systems are still in use today. There are many factors affecting the performance of leaf springs. In this study the length of the leaf spring, the ratio of the elastic modulus to yield strength and the stiffness on the front panel of the truck were selected for evaluation (Hales, 1985) . The effects of these factors on the acceleration of the chassis, on the front panel and under the driver's seat are investigated due to the road input. By means of the data collected from experiments performed in an Instron test machine a model is created in the ADAMS solver. The results obtained from this model are used in this optimisation study.
Materials and methods

Mathematical models for a quarter vehicle model
In order to establish the suspension model, the de Carbon model has been taken as a base for forming the quarter vehicle model.
In the de Carbon model, as shown in Figure 1 , the wheel of the vehicle is assumed to be elastic without damping in order to find a linear solution. But for our model for heavy truck suspension it was not possible to obtain the elasticity value. Also, the real road-load data was collected from the axle and chassis. For these reasons, in our model the wheel was assumed as rigid, and assumed to be transmitting road irregularities directly to the axle (undamped mass). On our model system, because of limitations of the software; the rubber bushings' friction surfaces are not simulated. According to these restrictions, the equation of motion is:
If the equation is reorganised m z c z kz c ht khtX 2
Assuming a harmonic excitation in the form ht bX sin3XtY 3 then a special solution of the equation of motion is:
The amplitude of the motion can be solved as:
Acceleration amplitude for vibration analysis is:
In order to apply these motion equations correctly to our model; the sprung and unsprung bodies must be rigid on the vehicle that the real road-load data has been collected from, the road-load must be single harmonic data not a sum of different harmonics (a test road with this kind of profile is not available in our country).
Testing
The leaf spring tests were performed by using an Instron hydraulic testing machine and road data were collected with LMS Road-Runner data acquisition software and computer. Although for road runner data, the test was performed for a 85,000 km road, only a 35-min portion was selected. This portion was selected from different parts of the 85,000 km. The reason for that is to select the worst conditions that the truck will confront. In the study, leaf springs of a load-carrying vehicle were studied. The leaf springs are fixed to the floor from the centre line of the axle. Load is applied to one end of the leaf spring while the other end is fixed. Load applied on the spindle of the Instron is measured for every 6 mm deflection of the end of the leaf spring, then the same procedure is applied to the other end of the spring.
The data obtained from the test is used to model the springs in ADAMS by applying the`Three-Link Leaf-Spring Model for Road Loads'. The material of the leaf springs studied is 55Cr3 steel. The displacement of the load-applying spindle is used to calculate the angular deflection of the torsional spring attached to the links in the model.
From the known values of the applied load and the deflection of the spring (Table 1) , values of torsional load and angular deflection of the proposed model are calculated ( Table 2 ). The relation between the torsional stiffness and the angular deflection is derived as a third order polynomial by using Matlab (2002) .
By using the data obtained from tests (Table 1) , the equivalent of a three leaf-spring model is found. The dimensions of the equivalent SAE linkage mechanism for the leaf springs for the front axle are explained in Table 1 .
Using these dimensions and the displacement of the Instron's piston, the displacement angles are calculated. The torsional load on the torsional springs attached to the ends of the base linkages in the model are calculated by multiplying the perpendicular component of the load applied by the piston with the SAE equivalent dimensions of the linkages. The displacement of the load-applying spindle is used to calculate the angular deflection of the torsional spring attached to the links in the model. From the known values of applied load and the deflection of the spring, values of torsional load and angular deflection of the proposed model are calculated. The relation between the torsional stiffness and the angular deflection is derived as a third-order polynomial by using Matlab. Torsional loads versus degrees of displacement of the modelled links for each side of the leaf springs are given in Table 2 . The relation between torsional loads and degrees of displacement of the modelled links are given in Figure 2 (a) and (b). Polynomial expressions for the leaf spring model for the front axle leaf spring obtained from the data in Table 2 are:
where T is in Nmm and x is in degrees. 
Modelling
After obtaining the relation between torque and angular displacement, the next step is to create a model in the computer. The proposed model consists of three rigid links. The centre link is attached to the end links through torsional springs. The geometry of the model is constructed using the physical spring dimensions and the SAE guidelines (1982) on leaf-spring design. The parameters of the torsional springs are identified from a given design-intent vertical force-deflection curve or from measured force-deflection data. Alternately, the force-deflection curve may be derived from a detailed non-linear finite element model of the spring based on design geometry. The elegance of the proposed method is that a simple model can be easily constructed to reproduce both the kinematics and compliance properties of the actual leaf-spring.
Three-link model geometry
The basis of the SAE three-link geometry is the assumption that a leaf-spring conforms to the shape of a circular arc under vertical loading. Based on The SAE Spring Design Manual (1982) , an equivalent five-bar mechanism (four moving bars, including the shackle) can be constructed that closely approximates the kinematics of the leaf spring. To construct the mechanism, only the lengths of the four links are needed. The shackle is represented as it is, with its physical length. The lengths of the other three links are determined as described below.
Dimensions of the three-link mechanism
The dimensions required to build the three-link mechanism are obtained from the geometry of the leaf spring, which is given in Figure 3 . Figure 4 shows the key geometric information needed to build the three-link model, where:
v total spring length, measured along flat main leaf m front inactive length n rear inactive length fixed cantilever length, called front length (including inactive length, m) shackled cantilever length, called rear length (including inactive length, n). The`inactive' lengths, m and n, together make up the centre portion of the leaf spring where the spring is attached to the axle using U-bolts and other hardware. The physical layout is constructed such that the centre portion of the leaf spring is constrained from undergoing any bending. This portion of the leaf spring, which is assumed to be rigid, is called the inactive portion. Based on the SAE guidelines (1982), the dimensions of the equivalent SAE Linkage mechanism are shown in Figure 4 and given as:
Three-link model compliance
To simulate the compliance characteristics of the physical leaf spring, two torsional springs are attached at each end of the centre link. The parameters of these torsional springs are determined such that the vertical static force-deflection behaviour of the physical leaf spring matched the equivalent three-link model. The vertical static force-deflection characteristic of a physical spring is specified during the suspension design process, and hence, is available a priori. The torsional springs at each end of the centre link are represented by the following equations: where, torque at the link joint rotation at the link joint i Y i torsional spring parameters, i 1, 2, 3 4Y 6 node numbers for the centre-link joints.
Equations (7) and (8), where the torques in the link joints are assumed to be third-order polynomials of the corresponding joint rotations, worked well for the leaf spring used in the case study. Typical design curves of multistage leaf springs are specified as piecewise linear, rather than smooth. However, polynomials are chosen because the measured vertical force-deflection behaviour of leaf springs exhibits smooth non-linear characteristics.
The polynomial coefficients, a i and b i , i 1, 2, 3, are identified by`curve-fitting' the force-deflection behaviour of the physical leaf-spring. Mathematically, this is posed as an optimisation problem where the error between the model and the target curve is to be minimised. The optimisation process is implemented in Matlab, which repeatedly invokes ADAMS to perform the simulation of the linkage mechanism. The procedure is shown schematically in Figure 5 . 
Optimisation of parameters for reduced acceleration under driver seat
The model created was determined to be suitable for optimisation purposes. The main aim of this study is to obtain a comfortable acceleration response under the driver's seat for real road-loads as well as a reasonable response for the leaf spring. In order to minimise the acceleration for this part of the truck a series of simulations were performed. Figure 7 shows the constraint points studied on the truck. The factors studied are given in Table 3 . Figure 7 The optimised model for driver seat In the model, the load applied on the leaf spring for this type of truck was 3.5 ton. The load of the front cabinet was 0.6 ton. In Figure 7 the constrained points are given as springs 1±3. Among the Taguchi orthogonal tables, the appropriate one for four parameters with three levels for each is L 16 (4) (Bagchi, 1993) . The parameters are assumed to be independent from each other. The results of the orthogonal table selection were obtained using a Linux Cluster Super Computer IBM Â series 330 with 576 Mb RAM. The orthogonal experiment plan is shown in Table 4 .
Results of optimisation
The new model was run for the 16 different cases given in Table 4 and the results are shown in Table 5 . The constraints (a rms ) 1 , (a rms ) 2 and (a rms ) 3 are the root mean square values of accelerations at spring 1, spring 2 and spring 3 respectively, for the time interval tested. The effects of parameters on the first constraint are given in Figure 8 . The higher the leaf spring length the higher is the change in acceleration in the chassis. On the contrary, increasing the strength of the leaf spring will help to reduce the acceleration changes. The effect of the stiffness of the spring under the front panel can be neglected, as expected. Statistical analyses were performed by using Minitab software (1998). The variance analyses made on the data predicts that at 99% the factors length and E/Sy are very significant whereas the stiffness is not significant. The normal probability distribution of residuals and the histogram of residuals are also given in Figures 9 and 10 respectively to prove the accuracy of the distribution of the data obtained from model simulations. 
General linear model: (a 2 ) rms versus length; E/Sy; stiffness
The effects of parameters on the second constraint, (a 2 ) rms are given in Figure 11 . The higher the leaf spring length, the higher the change in acceleration in the chassis again. On the contrary, increasing the strength of the leaf spring will help to reduce the acceleration changes. The effect of the stiffness of the spring under the front panel is also important. The higher the stiffness, the lower the acceleration changes. In order to predict the significance level of these factors for (a 2 ) rms the variance analysis was performed again. The calculations predict that at 90% length and stiffness are significant factors whereas E/Sy is not so important. 
General linear model: (a 3 ) rms versus length; E/Sy; stiffness
The above procedure was repeated again for the last constraint, (a 3 ) rms . The effects of the factors studied on (a 3 ) rms are given in Figure 12 . From the figure it is clear that the effects are similar to the ones for (a 2 ) rms . However, the significance levels are very high with respect to (a 2 ) rms . The variance analyses show that even at 99% length and stiffness are very significant, at 95% E/Sy is also significant.
ANOVA calculations predict that (a 1 ) rms and (a 2 ) rms acceleration changes are mainly effected by the parameters studied. The acceleration under the driver's seat showed a behaviour dependent on the acceleration of the front panel. Therefore the correlation test was performed between (a 2 ) rms and (a 3 ) rms (Pearson correlation of (a 2 ) rms and (a 3 ) rms 0.959).
The Pearson calculation predicts a very strong correlation between (a 2 ) rms and (a 3 ) rms . The correlation between a rms1 and a rms2 is 0.672. The value between (a 1 ) rms and (a 3 ) rms is 0.666. The correlations for these pairs are very weak. Therefore, that there is no correlation between them is assumed for the rest of the study. Multi-criteria analysis was performed for (a 1 ) rms and (a 2 ) rms . The values obtained for the MANOVA calculation are assumed to be the same for (a 2 ) rms and (a 3 ) rms .
5.4 Multi-criteria optimisation test 5.4.1 General linear model: a rms1 ; a rms2 versus length; E/Sy; stiffness
The MANOVA test was performed for a rms1 and a rms2 as constraints. The parameters are again length, E/S y and stiffness. The calculations are given in Tables 6±8 for length, E/S y and Stiffness, respectively. Table 6 MANOVA for length (s 2, m 0.0, n 1.5) Manova test parameter length is very significant at 99% for (a 1 ) rms and (a 2 ) rms constraints. All of the criterion predicted this significance. Very high significance level is observed for length. The significance level for E/S y is given in Table 11 and it is seen that the level is slightly reduced with respect to length. However, the MANOVA test parameter E/S y is very significant at 90% for (a 1 ) rms and (a 2 ) rms constraints. This result is also valid for all criterions. Manova test parameter stiffness is not significant. The surface roughness regression test was used in order to find the optimum values for defined (a 1 ) rms , (a 2 ) rms and (a 3 ) rms values. 
Response surface regression test
Since the multi-criteria effects of factors are seen by the MANOVA test, it is necessary to find the optimum values for any desired factor levels. In order to do this, the action response surface regression method is employed. This method can predict a polynomial for each constraint. There are linear square terms in this polynomial consisting of the factors studied (length, E/S y and stiffness). The variance analyses of these terms and their significance are evaluated. In this method, if the polynomial terms are found to be significant they are used for any optimum value calculations.
To perform this test a new design for simulations is needed. The new design is given in Table 9 . Since these are not experiments the runs are not randomised. The values of parameters are given as coded.
The code À1 is for the minimum level of the factor studied and 1 is for maximum value. For instance, for length, factor À1 means 500 mm and 1 means 650 mm. The values less than À1 and higher than 1 are advised from the method.
Twenty new simulations were performed. The results obtained from these simulations are also given in Table 9 . The results for new simulations are given in Table 9 and variance analyses is again employed. The analysis was done using coded units. The terms found for (a 1 ) rms are given in Table 10 . There are linear, square and multiplication terms listed in the table.
Variance analyses show the significance levels of the terms obtained for the polynomial of (a 1 ) rms . Square terms are very significant, even at 99%, whereas the linear terms are significant at 98%, so the polynomial can be used with confidence for calculations of (a 1 ) rms .
5.5.2 Response surface regression: (a 2 ) rms versus length; E/S y ; stiffness
The next polynomial calculation was performed by (a 2 ) rms . The analysis was done using coded units again. The terms found are given in Table 11 . Variance analyses were performed. From variance analyses it can be said that only linear terms are significant, with the highest significance at 99%.
5.5.3 Response surface regression: a rms3 versus length; E/S y ; stiffness
For the last constraint, stiffness, the calculations were repeated. The terms found are given in Table 12 . The variance analyses of these terms are calculated again. The results are similar to the ones for (a 2 ) rms . The significant terms are again linear terms at 99%. 
Surface optimiser
At the end of these calculations optimum values are found for any constraint values by means of the surface optimiser method. In Figure 13 (a 1 ) rms 1.1, (a 2 ) rms 0.41 and (a 3 ) rms 0.44 are chosen. The corresponding factors length 1.0655, E/S y 0.6705 and stiffness À1.3159 are found as optimum values for this combination of constraints. 
Recommendations
The reason for this experimental and numerical study is to find the optimum values of the most important factors for the leaf-spring suspension system. Although the type of leaf-spring system, such as progressive, parabolic or trapezoidal is known as the main factor, it is not included in this study because of it is not possible to take into account in the three-link spring model. In order to perform this type of study, an explicit dynamic finite element method must be employed. The next research topic is to compare these leaf-spring systems in 3D by means of LS-DYNA 970 software.
Conclusion
The three-link leaf spring model is used to simulate the vehicle suspension system of a heavy commercial vehicle, based on the test data collected with most powerful and capable test bench. Real road-load data is collected with the LMS ROAD RUNNER data acquisition system. The model is made to run with ADAMS software. The verification of the model was provided by comparing the model results with road data. Then the model was used to optimise factors with three different constraints a rms1 , a rms2 and a rms3 . They are the root mean square values of the acceleration on the chassis, the front panel and the driver's seat respectively. The study points out that:
*
The three-link leaf-spring model was good enough to be used in modelling purposes although the root mean square values slightly differ with the actual road values.
The effects length, E/S y and stiffness are investigated to find their affects on (a 1 ) rms , (a 2 ) rms and (a 3 ) rms . (a 1 ) rms is very sensitive to length and E/S y but not to stiffness. The higher the length the higher (a 1 ) rms is but for E/S y , the lower the E/S y the higher is (a 1 ) rms .
* a rms2 is sensitive to all of them. The higher the length, the higher the acceleration, but for E/Sy and stiffness the situation is reversed. The lower E/S y and stiffness, the higher is the acceleration. * (a 3 ) rms behaves similarly to (a 2 ) rms . Therefore a correlation between them was suspected and a very strong correlation of 0.959 is found, whereas between the others ((a 1 ) rms ±(a 3 ) rms or (a 1 ) rms ±(a 2 ) rms ) there is no correlation.
* (a 1 ) rms and (a 2 ) rms are used for multi-criteria study by means of a MANOVA test. This test predicted that the length is very significant at 99% on (a 1 ) rms and (a 2 ) rms , but E/S y is significant at 90%. Stiffness shows no significance for (a 1 ) rms and (a 2 ) rms .
To find the optimum values for any combination of (a 1 ) rms and (a 2 ) rms , the response surface regression test was necessary. For this reason a new experimental design was created and 20 new simulations were carried out. By means of these new runs, three polynomials for (a 1 ) rms , (a 2 ) rms and (a 3 ) rms were obtained. The variance analyses of these polynomials show that the linear terms are significant. The regressions obtained are significant at 98 for (a 1 ) rms , at 99 for (a 2 ) rms and at 95 for (a 3 ) rms .
Finally the surface optimiser method uses these polynomials to obtain the optimum surface. As an example, in Figure 13 (a 1 ) rms 1.1, (a 2 ) rms 0.41 and (a 3 ) rms 0.44 are chosen. The corresponding factors length 1.0655, E/S y 0.6705 and stiffness À1.3159, are found as optimum values for this combination of constraints.
